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InSb bulk material has been intensively studied in the past because of its promising properties like the extremely high electron bulk mobility of 92 000 cm 2 /V s ͑at 77 K͒ ͑Ref. 1͒ and low band gap of 0.17 eV͑Ref. 2͒ at 300 K. Despite this interest very little is known about thin InSb heterostructures. In this paper we present an optical study of InSb/InP single heterostructures. Due to the lattice mismatch between InSb and InP ͑10.4%͒ the growth mode of InSb on InP quickly transforms from a two-dimensional layer-by-layer growth to a three-dimensional island growth. This transition occurs for depositions of InSb exceeding 1.2 ML. 3 We analyze the optical properties of samples having an amount of InSb lower than 1 ML, where a clear two-dimensional growth mode is observed, and samples having an amount of InSb greater than 1 ML, where self-assembled InSb quantum dots ͑QD's͒ are obtained.
The samples were grown by molecular-beam epitaxy. During the growth the In element was continuously supplied, whereas the group-V element was pulsed. The amount of group-V element deposited on the sample was controlled by the reflection difference technique, 4 which measures the coverage of surface In dimers. The submonolayers and 1 ML samples were grown as follows: After the growth of a InP buffer layer at 400°C the substrate temperature was reduced to 300°C, then 20 ML of InP were grown followed by the InSb deposition and continued by the growth of another 20 ML of InP. After that the substrate temperature was risen up again to grown 180 ML of InP. The growth temperature was reduced during the deposition of the InSb, to reduce surface migration and assure a two-dimensional growth mode. In order to better control the InSb thickness, the InSb was deposited at a growth rate of 0.25 ML/s, whereas the InP was growth at 0.5 ML/s. For the growth of the samples with InSb amounts greater than 1 ML the temperature reduction of the substrate was not carried out since island growth was pretended. After the formation of the InSb islands, clearly observed by reflection high-energy electron diffraction, an annealing at 440°C under Sb 2 flux was performed to enhance the dot uniformity. The InSb dots were also covered by a 200-m InP cap-layer grown at 400°C.
In Fig. 1 we present the photoluminescence ͑PL͒ spectra of some samples studied here. Those spectra were obtained at 12 K using a liquid-nitrogen cooled Ge detector and exciting with the 488-nm line of an Ar ϩ at 24 W/cm 2 . Together with the InP-related transitions another peak, related to the InSb deposition, is observed. As expected, when we increase the amount of InSb from 0.3 to 1 ML the InSbrelated peak decreases in energy. Surprisingly, for InSb depositions greater than 1 ML ͑three-dimensional growth mode͒, the InSb-related transition is located at an energy higher than that of the 1 ML sample. For example, in Fig. 1 we present the spectrum of a two monolayers sample. The energy position of this transition does not depend strongly on the amount of InSb. No electro-or piezoreflectance features related to the InSb deposition have been detected.
The theoretical predictions of the valence-band offset between InSb and InP vary between 0.750 ͑Ref. 5͒ and 1.18 eV. 6 These values correspond to systems where no strain has been taken into account. The strain present in the layers modifies the said alignment. In particular, for InSb lattice matched to InP due to the difference between the hydrostatic deformation potentials of the conduction-band minimum and valence-band maximum, 7 both theoretical calculations suggest a type-II band alignment between InSb and InP. For example, in Fig. 2 we present the band alignment between InSb and InP suggested by the solid-model theory. 6 Figure   FIG corresponds to the ML sample, we associate the observed PL transition with the recombination of electrons in the InP confining material with heavy holes localized in the InSb regions. Due to the spatial separation of the electrons and holes the intensity of absorption-related features is expected to be small, in agreement with our piezo-and electroreflectance results. Additionally, we have observed a blueshift in the PL spectra of 27 meV when the excitation power was increased by two orders of magnitude. Such a blueshift is typical for type-II lineup heterostructures. 8 Using this theoretical estimation of the valence-band offset ͑VBO͒ between InSb and InP we can calculate the energy position of the transition for a 1-ML quantum well ͑QW͒ of InSb in InP using the masses of the heavy holes reported in the literature 2 which amounts to 0.834 eV, near to the experimental value of 0.87 eV. A better agreement can be obtained using a VBO of 1525 meV, which is our estimation of the VBO between InSb lattice matched to InP. Just for completeness, in Fig. 3 we present the theoretical values of the transition for the submonolayers samples. In this calculation we have considered that the submonolayer can be viewed as a monolayer of an alloy with the same equivalent composition. As can be observed, when the amount of InSb is decreased the disagreement between the theoretical estimation and the energy of the transition increases. The discrepancy between theory and experiment can be explained assuming that the InSb nucleated in form of two-dimensional islands on the InP surface and is not distributed homogeneously. The existence of these islands is supported by the polarization behavior of the InSb-related emission, shown in Fig. 4 . In that figure we present the difference between the intensity of the InSb emission for light polarized along ͓110͔ and ͓110͔. A maximum is obtained at a InSb layer thickness of 0.5 ML, while the polarization is zero at a InSb thickness of 1 ML. This polarization behavior is due to elongated monoatomic islands in the incompletely deposited InSb layer. These kinds of elongated islands have also been observed in InAs submonolayers on GaAs ͑Refs. 9 and 10͒ and recently in the case of InSb grown on GaAs.
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In the dot samples the InSb-related emission cannot be attributed to recombination in the dots. Recently there has been some report about the optical properties of dots in systems with a type-II alignment like GaSb, AlSb, and InSb on GaAs. 12, 13 In particular, for GaSb dots on GaAs it has been shown that despite the type-II alignment and the differences between the strain state in the dots and in the QWs the emission related to the dots is located at a lower energy than the emission of the 1-ML QW. We associate the emission observed in the samples with InSb dots with transitions due to the wetting layer. Moreover, in accordance with transmission electron microscopy and Raman measurements 14 uncapped InSb dots are completely relaxed, while due to the capping layer there is residual strain present in the dots. In Fig. 2͑c͒ we present the band alignment for this situation assuming that the residual strain is hydrostatic and using the values of this strain measured by Raman. With this band alignment we present in Fig. 3 the theoretical values of the transition for an InSb QW as a function of the QW thickness, this curve serves to estimate the energy position of the transition associated with the dots. According with atomic force micros- copy measurement the sizes of the uncapped dots are 90-30 nm and the height 20-8 nm, 3 therefore the emission related to the dots is expected to occur at an energy lower than our lower limit of detection ͑0.75 eV͒.
To conclude, we have studied the optical properties of InSb layers in InP with InSb thickness covering the range between 0.3 and 3 ML. In the submonolayer regime the energy position of the InSb related transition decreases as we increase the amount of InSb. The experimental findings suggest a type-II alignment for InSb and InP and a VBO similar to the one predicted by the solid-model theory. The PL data indicate that the InSb submonolayer nucleate as twodimensional islands. In the sample with dots emission has been observed which is attributed to the wetting layer.
